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ABSTRACT We aimed to investigate the role of
miR-17 in cardiac matrix remodeling following myocar-
dial infarction (MI). Using real-time PCR, we quanti-
fied endogenous miR-17 in infarcted mouse hearts.
Compared with related microRNAs, miR-17 was up-
regulated most dramatically: 3.7-fold and 2.4-fold in the
infarct region 3 and 7 d post-MI, respectively, and
2.4-fold in the border zone at d 3 compared to sham
control (P<0.01). Chimeric luciferase reporter con-
structs were cloned for miR-17 target validation.
miR-17 targeted the 3=-UTR of TIMP2 and the protein
coding region of TIMP1. The miR-17 mimic decreased
TIMP2 (P<0.01) and TIMP1 (P<0.05) protein expres-
sion compared with the scrambled control. Inhibition
of endogenous miR-17 by in vivo antagomir delivery
enhanced TIMP2 (P<0.01) and TIMP1 (P<0.05) pro-
tein expression compared to the mismatch group,
decreased MMP9 activity (P<0.05), reduced infarct
size as early as 7 d post-MI (P<0.05), and improved
cardiac function (fractional shortening and fractional
area contraction, P<0.05) at d 21 and 28 post-MI.
Transgenic mice overexpressing miR-17 in the heart
confirmed the deleterious role of miR-17 in matrix
modulation. Our study suggests that miR-17 partici-
pates in the regulation of cardiac matrix remodeling
and provides a novel therapeutic approach using miR-17
inhibitors to prevent remodeling and heart failure after
MI.—Li, S.-H., Guo, J., Wu, J., Sun, Z., Han, M., Shan,
S. W., Deng, Z., Yang, B. B., Weisel, R. D., Li, R.-K. miR-17
targets tissue inhibitor of metalloproteinase 1 and 2
to modulate cardiac matrix remodeling. FASEB J. 27,
4254–4265 (2013). www.fasebj.org
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Following tissue injury resulting from a myocardial
infarction (MI), degradation of the extracellular matrix

of the heart initiates a remodeling process that contrib-
utes to progressive ventricular dilation and dysfunction
and ultimately leads to heart failure. Matrix metallopro-
teinases (MMPs) are the major proteolytic enzymes
responsible for matrix disruption, and their activation
initiates the process of ventricular remodeling and
dilation. MMPs are naturally inhibited by 4 endoge-
nously expressed tissue inhibitors of metalloproteinases
(TIMPs), which have different tissue-specific expres-
sion and effects (1). Under physiological conditions,
the ratio of TIMPs to MMPs is tightly orchestrated to
control the myocardial proteolytic activity. In response
to MI, the expression of certain TIMPs has been shown
to be differentially regulated, resulting in excessive
proteolytic activity of MMPs and subsequent ventricular
dilatation (2). However, little is known about the
upstream regulators that control TIMP expression.

The discovery of microRNA (miRNA) has markedly
improved our understanding of the post-transcriptional
control of processes such as angiogenesis and matrix
remodeling. A polycistronic miRNA cluster consisting
of 7 mature miRNAs (miR-17-5p, miR-17-3p, miR-18a,
miR-19a, miR-19b, miR-20a, and miR-92a) was reported
to regulate hematopoiesis and angiogenesis (3, 4), and
loss-of-function studies revealed a fundamental role of
this cluster in heart and lung development (5). In the
present study, we evaluated the expression of several
miRNAs in the myocardium following MI and observed
a dramatic induction of miR-17. Therefore, we focused
on this single miRNA and discovered a critical role of
miR-17 in cardiac matrix remodeling by targeting
TIMP2 and TIMP1.
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MATERIALS AND METHODS

Cardiac fibroblast culture

Mouse hearts were collected after flushing with saline and
digested using 0.1% collagenase type II (Worthington, Lake-
wood, NJ, USA) at 37°C for 30 min. After filtering through a
70 �m filter, the cells were resuspended in Iscove’s modified
Dulbecco’s medium (IMDM; Gibco, Burlington, ON, Can-
ada), with 10% FBS, 100 U/ml penicillin G, and 100 �g/ml
streptomycin. After 3–5 d of culture in a humidified incuba-
tor at 37°C with 5% CO2, nonadherent cells were washed off.
The adherent cardiac fibroblasts were expanded to passage 3
for transfection with the miRNA mimics. The cells were
harvested at 48 h after miRNA transfection.

RNA, RT-PCR, and real-time PCR

Total RNA was isolated from cells and left ventricles (d 3
post-MI) using TRIzol reagent (Sigma, St. Louis, MO, USA),
according to the manufacturer’s instructions. Reverse tran-
scription was performed using SuperScript III (Invitrogen,
Burlington, ON, Canada). Reverse transcription was per-
formed at 50°C for 60 min. For PCR amplification of mRNA,
samples were heated at 95°C for 5 min, followed by 30 cycles
of 95°C for 30 s, 55°C for 1 min, 72°C for 1 min, and 72°C for
an extra 10 min at the end of amplification. The RT-PCR
products were separated on 1% agarose gel containing
ethidium bromide. Mouse GAPDH served as a loading con-
trol. The sequences of the mouse TIMP1 primers used in
RT-PCR are as follows: forward 5=-gcatctggcatcctcttgtt-3= and
reverse 5=-ctcagagtacgccagggaac-3=. The sequences of the
mouse TIMP2 primers used in RT-PCR are as follows: forward
5=-aagcagtgagcgagaaggag-3= and reverse 5=-gggtcctcgatgtcaa-
gaaa-3=. The sequences of the GAPDH primers are as follows:
forward 5=-aactttggcattgtggaagg-3= and reverse 5=-ccctgttgctg-
tagccgtat-3=. The primers and probe for mouse TIMP1 real-time
PCR are as follows: forward 5=-CTCTGGCATCTGGCATCC-3=, re-
verse 5=-TGGTCTCGTTGATTTCTGGG-3=, and probe 5=-CCTG-
GTCATAAGGGCTAAATTCATGGGT-3=.

Hearts from miR-17 and wild-type (WT) mice were col-
lected for quantification of miR-17 and related miRNAs at 3
and 7 d post-MI after being well perfused with saline to
remove the blood, and the right ventricle was removed. The
left ventricles were separated into scar, border zone, and
remote regions, and total RNA was extracted, as described
above. Expression of miRNA was evaluated by the mirVana
quantitative real-time PCR miRNA detection kit TaqMan
miRNA assays (Applied Biosystems, Burlington, ON, Canada)
using miRNA-specific looped reverse primers. Real-time PCR
was performed using a GeneAmp PCR 9600 Thermocycler
(Applied Biosystems) for 40 cycles at 95°C for 15 s, 60°C for
1 min. U6 snRNA (Applied Biosystems) was amplified as a
control. Relative expression was calculated by the compar-
ative threshold cycle method, and the fold change com-
pared to sham-treated controls for miRNA was expressed as
2�(CT miR � CT control).

miRNA mimics and transfection

Chemically modified RNA oligonucleotides of miR-17, miR-
20a, miR-92a, and miR-106a mimics and scrambled controls
were synthesized by Qiagen (Germantown, MD, USA). For
miR-17, the underlined sequence in the mimic is the seed
sequence: mimic, 5=-CAAAGUGCUUACAGUGCAGGUAG-3=
and scrambled RNA control, 5=-CAGAUACGUUACAGUG-
CAGGUAG-3=. Transfection with the miRNA mimics or scram-
bled controls was performed using HiPerFect transfection re-

agent (Qiagen), according to the manufacturer’s instructions.
The full-length cDNA of mouse TIMP1 was cloned in the
pCDNA3.1 vector as the expression construct. For the TIMP1
validation, the expression construct was cotransfected with the
miR-17 mimic or scrambled RNA control (1:1 molar ratio) into
HEK 293 cells. The miR-17 mimic was used at concentrations of
1 and 5 nM as indicated, and other mimics were used at a
concentration of 5 nM.

Luciferase reporter assay

A DNA fragment containing the first 1150 bp of the mouse
TIMP2 (mTIMP2) 3=-untranslated region (UTR) was ampli-
fied by mTIMP2-UTR-1 and mTIMP2-UTR-2 primers. A sec-
ond DNA fragment containing the remaining 1492 bp of
the mTIMP2 3=-UTR was amplified by mTIMP2-UTR-3 and
mTIMP2-UTR-4 primers. These 2 DNA fragments were cloned
into the pCR2.1 TOPO vector (Invitrogen), sequenced, and
then isolated by SpeI/EcoRl (underlined) digestion. A 3-piece
ligation was performed to ligate these 2 DNA fragments to the
SpeI-digested pMIR-REPORT vector (Ambion, Burlington,
ON, Canada). For site-directed mutagenesis, a forward muta-
genic primer and a complementary reverse mutagenic primer
were designed by Primer X online software (http://www.
bioinformatics.org/primerx/), synthesized, and HPLC puri-
fied. A 2-bp mutation (CT¡GA, NM_011594, position 2844–
2845) of the seed-match sequence was introduced into the
final construct containing the full-length mTIMP2 3=-UTR
with the QuickChange site-directed mutagenesis kit, accord-
ing to the manufacturer’s instructions (cat. no. 200519;
Stratagene, La Jolla, CA, USA). The presence of the CT ¡ GA
mutation was confirmed by sequencing. The primer sequences for
construction of the full-length TIMP2 3=-UTR (3=-UTR) and the
mutant TIMP2 3=-UTR (3=-mUTR) are as follows: UTR-1, 5=-
ACTAGTGAAGGCTGACAGAGCCCCTGTGGCCAATTGAAA;
UTR-2, 5=-GAATTCACCTTTAGGAAAATGAGATGGATCTGA;
UTR-3, 5=-GAATTCTCATGCATGGCTGAGAGACATGTGTAT;
UTR-4, 5=-ACTAGTCTCTTTGATAATATGGTTTATTGTCCATT-
GACA. The sequences of the mutagenic primers are as follows:
forward, 5=-GCCTTTCGTAGCATTAGACTTTGCAGATTTA-
AAAAAAAAAAAAACAAAAATG-3=; and reverse, 5=-CATTT-
TTGTTTTTTTTTTTTTTAAATCTGCAAAGTCTAATGCTAC-
GAAAGGC-3=.

To avoid potential inaccessibility of miR-17 to the seed-
matched sequence due to some unknown tertiary structure
of RNA molecules, 2 additional PCR products of different
length from the 3=-UTR of mouse TIMP2 were amplified (F1:
5=-ataactagtcattagactttGCACTTTtaaaaaaaa-3=; R1: 5=-ataaagctt-
gtggctagaaaccccagcat-3=; F1�R1�271 bp and F2: 5=-ataactagttgc-
caataggatgggggt-3=; R2: 5=-ataaagcttttaAAAGTGCaaagtctaatgc-
tacg-3=; F2�R2�600 bp). Underlined sequences are restriction
sites, and capitalized sequences are the seed match. The seed-
matched sequence of mouse TIMP2 was positioned either at the
5= or 3= end of the 2 PCR products. A single-nucleotide mutation
within the seed-matched sequence was incorporated in the F1
and R2 primers to generate 2 mutated PCR products: mutated
forward primer mF1 (5=-ataactagtcattagactttGCAGTTTtaaaaaaaa-
3=) and mutated reverse primer mR2 (5=-ataaagcttttaAAACTG-
Caaagtctaatgctacg-3=). Thus, mF1 � R1 � 271 bp and F2 � mR2 �
600 bp. They were first cloned in a pGEM-TA cloning vector for
sequencing and then subcloned between the SpeI and HindIII
restriction sites in the pMIR-REPORT vector system (Ambion).
Underlined sequences are restriction enzyme sites incorporated in
the cloning primers, and capitalized sequences in primer F1, mF1,
R2, and mR2 represent the predicted seed-matched sense or
antisense sequences of mouse TIMP2 (5=-GCACUUU-3=, position
2841 to 2847, GenBank acc. no. NM_011594). All constructs were
verified by sequencing.
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HEK 293 cells were seeded onto 24-well plates at a density
of 50,000 cells/well and cultured overnight in DMEM (10%
FCS) without antibiotics. Cells were transfected with 200 ng of
pMIR-Report and 8 ng of pRL-SV40 Renilla luciferase control
vector in the presence or absence of a mimic using Lipo-
fectamine 2000 (Invitrogen). Luciferase activity was assayed
after 48 h using the Dual-Luciferase Reporter System (Pro-
mega, Madison, WI, USA) and expressed as a percentage of
the luciferase activity of the 3=-mUTR or the 3=-mUTR-1
transfected groups.

In situ hybridization

Locked nucleic acid (LNA) hybridization probes complemen-
tary to human mature miR-17 (38461–15) and a scrambled
probe (99004–99005) with 5=- and 3=-digoxigenin (dig) con-
jugate were purchased from Exiqon (Woburn, MA, USA).
Mice were sacrificed 3 d after coronary ligation, and sham-
treated nonligated hearts served as control. The hearts were
fixed in 4% paraformaldehyde (PFA) and were then moved
to 0.5 M sucrose at 4°C overnight. Hearts were then embed-
ded with optimal cutting temperature (OCT) compound
(Sakura, Torrance, CA, USA), and 10 �m frozen sections
were prepared. The sections were dried at room temperature
for 30 min, followed by fixation in 4% PFA for 10 min at 4°C.
The sections were treated with 5 �g/ml proteinase K at 37°C
for 10 min and then incubated with the dig-conjugated
miR-17 probes or dig-conjugated control probe with scram-
bled sequence at 55°C for 1 h following the manufacturer’s
instructions. The sections were washed with PBS followed by
incubation with a biotin-conjugated anti-dig secondary anti-
body (Perkin Elmer, Woodbridge, ON, Canada) at 1:200
dilution for 1 h. The tyramide signal amplification (TSA)
system (Perkin Elmer) was used to amplify the miR-17 signal
following the manufacturer’s instructions. In brief, the sec-
tions were incubated with horseradish peroxidase (HRP)-
conjugated streptavidin at 1:200 dilution for 30 min at room
temperature. A fluorescein-conjugated tyramide (1:50) was
used to bind to the HPR-conjugated streptavidin. The miR-17
signal was visualized using an Olympus Fluoview 2000 laser-
scanning confocal microscope (Olympus, Tokyo, Japan).

Animal procedures

C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME,
USA) were used as WT controls for MI and miR-17 antagomir
studies. Three independent lines of the miR-17 transgenic
mice with C57BL/6 background, generated as described
previously (6), and their WT littermates were used for func-
tional and biochemical analyses. All mice were aged 2 to 3
mo, except the miR-17 mice and WT littermates used for
baseline echocardiography, which were used to age 16 mo.
The Animal Care Committee of University Health Network
approved all experimental procedures, which were con-
ducted according to the U.S. National Institutes of Health
Guide for the Care and Use of Laboratory Animals (rev.
1996). For induction of MI, mice were intubated and venti-
lated with 2% isoflurane. Through a thoracotomy, the left
coronary artery was permanently ligated. Sham-treated con-
trol mice underwent thoracotomy only.

In vivo administration of miR-17 antagomir

The miR-17 antagomir was a chemically modified oligonu-
cleotide with a sequence complementary to mature miR-17.
All nucleosides were 2=-OMe modified, had 2 bases at the 5=
terminal and 4 bases at the 3= terminal, and contained a
phosphorothioate internucleoside bond (IDT; Integrated

DNA Technologies, Coralville, IA, USA). The molecules
contained a 3= cholesterol attached via a hydroxyprolinol
linker. The mismatch antagomir contained the same GC
content, but the sequence was scrambled. WT mice re-
ceived the miR-17 or mismatch antagomir at a dose of 80
mg/kg body weight via tail vein injection for 4 consecutive
days. At 1 d after the first administration, all animals
underwent coronary artery ligation. Hearts were collected
on d 3 after MI, and the left ventricle (after removing the
right ventricular free wall) was employed for analyses.

Cardiac function evaluation

Cardiac function was evaluated prior to MI and at different
time points after MI using echocardiography. At the end of
the study, heart function was also evaluated using a pres-
sure–volume catheter, as described previously (7). For
echocardiography, mice were sedated with 2% isoflurane,
and echocardiographic images were recorded using an
Acuson Sequoia C256 System (Siemens Medical Solutions,
Malvern, PA, USA) with a 15L8 transducer. Depth and
frequency were set at 2 cm and 13 MHz, respectively.
Short-axis views were obtained from the parasternal ap-
proach. Left ventricular (LV) dimensions [left ventricular
end-diastolic diameter (LVEDd) and left ventricular end-
systolic diameter (LVEDs)] and areas [left ventricular
end-diastolic area (LVEAd) and left ventricular end-systolic
area (LVEAs)] were measured from M- and B-mode short-
axis views at the midlevel of the left ventricle. Fractional
shortening (FS) was calculated using the equation FS
(%) � [(LVEDd � LVEDs)/LVEDd] � 100. Fractional
area change (FAC) was calculated using the equation FAC
(%) � [(LVEAd � LVEAs)/LVEAd] � 100. For pressure–
volume analysis, animals were first anesthetized with 2%
isoflurane and ventilated. Next, a pressure and conduc-
tance catheter (1.4F; Millar Instruments, Houston, TX,
USA) was introduced into the left ventricle through the
right carotid artery, and pressure–volume loops were ob-
tained during brief apnea and before and after inferior
vena cava occlusion.

Ventricular morphology

After the functional analysis was complete (d 14 or 28 after
MI), the hearts were arrested, perfused with 10% formalin,
and fixed for 1 d in 10% formalin. The hearts were cut into
1-mm-thick sections and photographed to measure scar
area and scar thickness. Scar area was calculated for each
section by multiplying the scar length and the section
thickness. Total area was calculated as the sum of scar areas
from each section. Scar thickness was evaluated by calcu-
lating the average of 3 measurements of scar thickness in
each section.

Protein isolation, Western blot analysis, and zymography

Total protein was extracted from cells and the left ventricles
(on d 3 after MI, after removing the right ventricular free
wall) in lysis buffer (20 mM Tris, pH 7.4; 150 mM NaCl; 1 mM
EDTA; 1 mM EGTA; 1% Triton; 2.5 mM Na pyrophosphate;
1 mM �-glycerolphosphate; 1 mM Na3VO4; 1 �g/ml leupep-
tin; 1 �g/ml pepstatin; and 1 mM phenylmethylsulfonyl
fluoride). Antibodies (rabbit anti-MMP2, rabbit anti-MMP9,
rabbit anti-TIMP1, and rabbit anti-TIMP2; Millipore, Bil-
lerica, MA, USA) were incubated with the blots overnight at
4°C. After washing (3�5 min in TBS containing 0.1% Tween-
20), the blots were incubated with HRP-conjugated secondary
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antibody at 1:2000 dilution for 1 h at room temperature.
Visualization was performed with enhanced chemilumines-
cence. For quantification, densitometry of the target bands
was divided by the corresponding densitometry of the
GAPDH band using AlphaImager 2200 software (Alpha Inno-
tech Corp., San Leandro, CA, USA).

At 3 d after coronary artery ligation, the activity of myocar-
dial MMP2 and MMP9 was quantified using gelatin zymogra-
phy, as described previously (8). Briefly, LV tissues were
separated into scar and remote regions and homogenized in
MMP extraction buffer (1% SDS; 50 mM Tris-HCl, pH 7.6;
150 mM NaCl; 20 mM ZnCl2; 1.5 mM NaN3; and 10 mM
cacodylic acid) for zymography. After centrifugation, equal
protein samples (10 �g) were added to 5� sample buffer
(10% glycerol, 2% SDS, 0.5% bromophenol blue, and 0.5 M
Tris-HCl, pH 6.8) and resolved on a 10% SDS-PAGE contain-
ing 0.1% gelatin (Invitrogen). After electrophoresis, the gels
were rinsed in a renaturing buffer composed of 2.5% Triton
X-100, 2 times for 30 min, followed by incubation in devel-
oping buffer (50 mM Tris, pH 8.8; 5 mM CaCl2; and 0.02%
NaN3) at 37°C overnight. Gels were stained with Coomassie
Brilliant Blue followed by destaining, and gelatinase activity
was identified as clear bands on a dark background. Densi-
tometry of the target bands was quantified using AlphaImager
2200 software.

Statistical analysis

All values are expressed as means � se. Student’s t test was
used for 2-group comparisons. Comparisons among 3 groups
were analyzed by 1-way ANOVA for each single-factor analysis.
For repeated evaluations (such as the echocardiographic
analysis), a repeated-measures 2-way ANOVA was employed,
and if the F ratio were significant, differences were specified
by a post hoc multiple-range test to account for multiple
comparisons. Differences were considered statistically signifi-
cant at P � 0.05.

RESULTS

miR-17 expression and cellular source

The expression of miR-17 in the myocardium post-MI
was the most dramatically up-regulated compared with
other miRNAs in the same cluster or with the same seed
sequence alignment. miR-17 was up-regulated 3.7-fold
in the infarct region 3 d post-MI, 2.4-fold in the infarct
on d 7 and the border zone on d 3, and 2-fold in the
border zone on d 7 compared to the sham-treated
control (P�0.01; Fig. 1A). The remote region also
showed a 2-fold up-regulation of miR-17 on d 3 post-MI
(P�0.01). As shown in Fig. 1B, compared with the
sham-treated control, miR-20a and miR-92a, both in the
same cluster as miR-17, were significantly up-regulated
in the infarct region at d 3 and 7 (P�0.01). No
differences in these 2 miRNAs were observed in the
border zone or remote regions compared with sham-
treated control. Four miRNAs with the same seed
sequence alignment as miR-17 were also examined. As
illustrated in Fig. 1C, miR-20b, miR-93, miR-106a, and
miR-106b were all significantly up-regulated in the
infarct region at d 3 post-MI (P�0.01, P�0.05 for
miR-106b). The dramatic induction of miR-17 follow-
ing an MI suggests that it may participate more actively
than other related miRNAs in the regulation of ventric-
ular remodeling and cardiac function.

In situ hybridization revealed that miR-17 was
expressed by cardiac fibroblasts and cardiomyocytes
3 d after MI (Fig. 2A). In the infarct area, infiltrating
inflammatory cells were also positive for miR-17
(Fig. 2B).

Figure 1. miR-17 expression and cellular source. Endogenous expression of miR-17 (A), miRNAs in same cluster as miR-17 (B),
and miRNAs with the same seed sequence as miR-17 (C) in WT hearts 3 and 7 d post-MI compared to sham-treated control,
evaluated by real-time PCR (n�4–10/group). The endogenous expression of miR-17 was greater than that of the other miRNAs.
*P � 0.05, **P � 0.01.
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miR-17 targets the 3=-UTR of TIMP2

We screened mouse genes in miRBase predicted to be
potential targets of miR-17, narrowed them down to a
few involved in matrix remodeling, and ranked them
for their predictive value. TIMP2 appeared likely to be
a major candidate because, as shown in Fig. 3A, the
miR-17 seed sequence is reverse complementary to the
seed-matched sequence in the 3=-UTR of mouse TIMP2.
Furthermore, multispecies sequence alignment revealed
that this seed-matched sequence is highly conserved
(Fig. 3A).

To evaluate translational repression by miR-17 on its
target TIMP2 gene, a chimeric luciferase reporter
system was generated, tagged with the full-length 3=-
UTR of mouse TIMP2 harboring the seed-matched
sequence with (3=-mUTR) or without (3=-UTR) 2 nu-
cleotide mutations. These constructs were cotrans-
fected with the miR-17 mimic into HEK 293 cells.
Compared with the mutated construct, the miR-17
mimic (3=-UTR construct) produced significant inhibi-
tion of luciferase activity (1 nM P�0.05; 5 nM P�0.01;
Fig. 3B). These results provide the first proof-of-con-
cept evidence that miR-17 directly targets TIMP2 pro-
tein expression via binding the 3=-UTR seed-matched
sequence of mouse TIMP2 mRNA. In comparison, the
mimics for miR-20a, miR-92a, and miR-106a did not
significantly inhibit luciferase activity (Fig. 3C–E).

In addition to the full-length 3=-UTR, we also created
chimeric luciferase constructs tagged with 2 regions of
the 3=-UTR of mouse TIMP2 (3=-UTR-1 and 3=-UTR-2)
or the same 2 regions harboring a mutation in the

seed-matched sequence (3=-mUTR-1 and 3=-mUTR-2;
Supplemental Fig. S1A). Compared with the mutant
3=-mUTR-1 control, the 3=-UTR-1, and 3=-UTR-2 miR-17
mimics exhibited dramatic inhibition (	5-fold) of lu-
ciferase activity (Supplemental Fig. S1B). However,
when these constructs were cotransfected with the
miR-20a, miR-92a, or miR-106a mimic, they exhibited
no inhibition of luciferase activity (Supplemental Fig.
S1C–E).

The translational repression by miR-17 was further
confirmed by another independent in vitro miR-17 mimic
transfection assay. We found that the miR-17 mimic had
no pronounced effect on TIMP2 mRNA levels (Fig. 3F) in
cultured cardiac fibroblasts but significantly decreased
TIMP2 protein expression compared with the scrambled
RNA control (P�0.01; Fig. 3G).

miR-17 targets the coding region of TIMP1

We investigated the effects of miR-17 on other TIMPs and
found that the miR-17 seed sequence, rather than binding
to the 3=-UTR of TIMP1, could bind the protein coding
region of mouse TIMP1 (5=-CACUUUG-3=, position 723–
729, GenBank accession no. NM_001044384; Fig. 4A) and
human TIMP1 (5=-CUACCUGCA-3=, position 551–559,
NM_003254). Compared with the scrambled RNA con-
trol, the miR-17 mimic reduced TIMP1 mRNA in trans-
fected cardiac fibroblasts (P�0.05; Fig. 4B) and produced
a 12.6-fold reduction in the TIMP1 protein level (P�0.01;
Fig. 4B). In comparison, the mimics for miR-20a, miR-92a,
and miR-106a did not produce any significant changes

Figure 2. miR-17 cellular source. Confocal images (view �600) of myocardial tissue 3 d post-MI show miR-17 in situ hybridization
(green) compared with the scrambled control probe. Arrows indicate positive cells. Nuclei are stained with DAPI. A) miR-17 was
expressed in both cardiac fibroblasts and cardiomyocytes. Cardiomyocytes are distinguished by their sarcomere structures.
B) miR-17 was also expressed in infiltrating inflammatory cells within the infarct region.
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in TIMP1 mRNA or protein expression (Supplemental
Fig. S2).

Furthermore, a mammalian expression construct
harboring the full-length cDNA of mouse TIMP1 under
the CMV promoter was used to cotransfect HEK 293
cells, together with either the scrambled RNA control
or miR-17 mimic. As shown in Fig. 4C, real-time PCR
with mouse-specific primers/probe did not detect
mouse TIMP1 in human HEK 293 cells transfected with
the scrambled RNA control or miR-17 mimic alone. As
expected, cotransfection of the mouse TIMP1 expres-
sion construct with the scrambled RNA control resulted
in very high expression of mouse TIMP1 mRNA (P�
0.01), but this exogenously expressed mouse TIMP1 was
significantly blocked by cotransfection with the miR-17
mimic (Fig. 4C). With respect to TIMP1 protein expres-
sion, the antibody cross-reacted with both exogenous
mouse TIMP1 and endogenous human TIMP1 in HEK
293 cells. Transfection with the miR-17 mimic reduced

endogenous human TIMP1 expression in HEK 293 cells
compared to the scrambled RNA control. Cotransfection
of the TIMP1 construct with the scrambled RNA control
increased TIMP1 protein, but cotransfection with the
miR-17 mimic significantly reduced the TIMP1 protein
level (P�0.05; Fig. 4C). These data provide direct evi-
dence that miR-17 targets the TIMP1 coding region by
down-regulating its gene expression at both the mRNA
and protein level, different from TIMP2 regulation in
which miR-17 targets the 3=-UTR and only down-regulates
TIMP2 protein.

Inhibition of miR-17 in vivo by an antagomir prevents
matrix degradation and ventricular dilation and
improves cardiac function

Reduced TIMP expression has been shown to permit
excessive proteolytic activity of MMPs, resulting in
ventricular dilation after MI (2). Because miR-17 tar-

Figure 3. miR-17 targets the 3=-UTR
of TIMP2. A) Sequence alignment of
mature miR-17 revealed a seed se-
quence that was reverse complemen-
tary to the seed-matched sequence
within the 3=-UTR of mouse TIMP2.
Alignment of the 3=-UTRs for TIMP2
revealed conservation among species
(bold). B) Chimeric luciferase expres-
sion constructs tagged with the 3=-UTR
of mouse TIMP2 (3=-UTR) or harbor-
ing a mutation in the seed-matched se-
quence (3=-mUTR) were cotransfected
with the miR-17 mimic into HEK 293
cells. Compared with mutant 3=-mUTR
control, the miR-17 mimic RNA (3=-

UTR) produced significant inhibition of luciferase activity (n�5–6/group). C–E) The same chimeric luciferase expression constructs
(3=-UTR and 3=-mUTR) were cotransfected with the miR-20a (C), miR-92a (D), or miR-106a mimic (E) (all 5 nM) into HEK 293 cells.
Compared with the mutant 3=-mUTR control, none of these mimics exhibited inhibition of luciferase activity (n�5–6/group). F,
G) TIMP2 in vitro mRNA expression (F) was unaffected (n�5/group), but TIMP2 protein expression (G) was down-regulated in mouse
cardiac fibroblasts treated with the miR-17 mimic compared with scrambled control (n�4/group). *P � 0.05, **P � 0.01.
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gets and down-regulates TIMP2 and TIMP1, we hypoth-
esized that a blockade of miR-17 function by an antago-
mir could modulate TIMP2 and TIMP1 expression and
reduce the excessive post-MI MMP activity to prevent
matrix degradation, ventricular dilation, and cardiac
dysfunction. As shown in Fig. 5A, the miR-17 antagomir
(80 mg/kg, i.v.) was administered for 1 d prior to MI
and 3 d following MI. Compared to sham-treated
control, MI resulted in an approximate 2-fold reduc-
tion of TIMP1 protein in the LV myocardium in the
mismatched antagomir group (P�0.01; Fig. 5B). Ad-
ministration of the miR-17 antagomir prevented the
decrease of TIMP1 protein (P�0.05) compared with
the mismatch antagomir group, although the levels
were still lower than the sham-treated control
(P�0.05). On the other hand, we observed no signifi-
cant difference in TIMP2 protein expression between
the sham-treated and mismatch antagomir groups (Fig.
5C), consistent with the observation that TIMP2 expres-
sion was not altered in heart failure patients (9).
However, delivery of the miR-17 antagomir significantly
enhanced TIMP2 protein levels compared with both the
sham-treated and mismatch groups (P�0.01; Fig. 5C).

MMP9 protein was nearly absent in the sham-treated
control hearts but was significantly up-regulated on d 3
following MI (P�0.01; Fig. 5D). No significant differ-
ence in the amount of MMP9 protein was found
between the mismatch and miR-17 antagomir groups
(Fig. 5D). MMP9 gelatinolytic activity was very minimal
in sham-treated control hearts, but it was dramatically
increased following MI (P�0.01; Fig. 5E). The delivery
of the miR-17 antagomir repressed MMP9 gelatinolytic
activity compared with the mismatch group (P�0.05),
although it was still higher than in the sham-treated
control (P�0.01).

Most notably, delivery of the miR-17 antagomir re-
sulted in significantly higher fractional shortening

(P�0.05; Fig. 5F) and fractional area contraction
(P�0.05; Fig. 5G) at d 21 and 28 following MI, indicat-
ing improved cardiac function following miR-17 an-
tagomir administration. Although the differences in
cardiac function did not reach statistical significance at
7 d post-MI, echocardiographic analysis showed that
the miR-17 antagomir reduced infarct scar length at
this early time point (P�0.05; Fig. 5H), which may have
contributed to the improved function observed later.
Administration of the miR-17 antagomir also resulted
in decreased scar size and increased scar thickness at 28
d post-MI (P�0.05; Fig. 5I).

miR-17 accelerates matrix degradation and ventricular
dilation and impairs cardiac function

We employed miR-17 transgenic mice, as described
previously (6), to amplify the effect of miR-17 on the
downstream phenotypic changes following MI. These
transgenic mice produce severalfold more mature miR-17
in the myocardium compared with WT littermates, result-
ing in spontaneous ventricular dilatation and deteriora-
tion of cardiac function in the aged mice, even without
surgical ligation to induce an MI. Fractional shortening
decreased more in the miR-17 mice compared to WT
mice at age 16 mo, indicating progressive ventricular
dysfunction (P�0.05; Fig. 6A). The LV diastolic and
systolic diameters of the miR-17 mice were significantly
greater than those of WT animals at 16 mo of age
(P�0.01; Fig. 6B). Following MI in younger mice (8–10
wk), TIMP1 mRNA expression was lower in the miR-17
mice compared to WT controls, as expected (P�0.05; Fig.
6C), and TIMP1 protein level was lower in the miR-17
mice compared to WT mice (P�0.05) and sham-treated
miR-17 mice (P�0.01). TIMP2 protein expression
post-MI was lower in the miR-17 mice compared to WT
mice only at the protein level (P�0.05; Fig. 6D), not the

Figure 4. miR-17 targets the coding region of TIMP1. A) miR-17 seed sequence binds with reverse complementarity (bold) to
the protein coding region of mouse TIMP1, with corresponding amino acids shown underneath. B) Treatment of mouse cardiac
fibroblasts with the miR-17 mimic resulted in significant down-regulation of TIMP1 mRNA (left panels, n�3/group) and protein
(right panels, n�4/group). C) Real-time PCR did not detect mouse TIMP1 in human HEK 293 cells transfected with the
scrambled RNA control or miR-17 mimic alone. Cotransfection of the mouse TIMP1 expression construct with the control
resulted in dramatically increased TIMP1 mRNA expression (left panel; n�5/group), which was reduced with the miR-17
mimic. Compared with cotransfection of the TIMP1 construct with the control, cotransfection with the miR-17 mimic reduced
the TIMP1 protein level (bottom and right panels; n�3/group). *P � 0.05, **P � 0.01.
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mRNA level (data not shown). Expression of MMP2 (Fig.
6E) was not different in the miR-17 mice; however, MMP9
protein was up-regulated in miR-17 and WT mice post-MI
compared to the sham miR-17 mice (P�0.05; Fig. 6E). LV
tissue extracts from the infarct region of miR-17 mice had
significantly higher MMP9 gelatinolytic activity 3 d
post-MI compared to WT mice and sham miR-17 mice

(P�0.01; Fig. 6F). No differences were found in MMP2
activity (Fig. 6F).

After MI in younger mice (8–10 wk), the cardiac
function of the miR-17 group was diminished com-
pared to the WT group. Fractional shortening de-
creased significantly in miR-17 mice on d 7 and 14
following MI (P�0.05; Fig. 7A). The end-systolic pressure

Figure 5. Blockade of miR-17 by in vivo antagomir delivery partially rescues the adverse cardiac remodeling. A) Experimental
timeline for the miR-17 antagomir administration. B) TIMP1 protein level was down-regulated following MI. Administration of
the miR-17 antagomir increased TIMP1 protein levels by 	35% (n�4/group). C) TIMP2 protein expression post-MI did not
differ between sham-treated and mismatch groups, but the miR-17 antagomir significantly enhanced TIMP2 protein levels
compared with both sham-treated and mismatch groups (n�5/group). D) MMP9 protein was virtually undetectable in sham
control hearts, but MI dramatically induced its expression in both mismatch and antagomir groups (n�4/group). E) Gelatin
zymography of the infarct zone extract demonstrated induced MMP9 activity in the mismatch group; mice receiving the miR-17
antagomir showed less MMP9 activity compared with the mismatch group (n�5/group). F, G) Delivery of the miR-17 antagomir
resulted in greater fractional shortening (F) and fractional area contraction (G) at d 21 and 28 post-MI (n�3–10/group).
H) Echocardiography was used to measure the infarct size at 7 d post-MI. Scar length was significantly smaller in the miR-17
antagomir group compared with that of the mismatch group (n�5–8/group). I) miR-17 antagomir reduced infarct size and
increased scar thickness at d 28 post-MI (n�5–6/group). *P � 0.05, **P � 0.01.
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(Fig. 7B), stroke work (Fig. 7C), end-systolic pressure–
volume relationship, and preload recruitable stroke work
(Fig. 7D, E) in miR-17 mice were all significantly reduced
at d 14 following MI compared to WT littermate controls
(P�0.05). The LV dilated more in the miR-17 mice than
the WT mice following MI, as indicated by a significant
increase in both end-systolic and end-diastolic volumes
(P�0.05; Fig. 7F, G). Although the miR-17 mice had
relatively smaller hearts, as described previously (6), in
response to MI, they exhibited greater LV dilatation
(Fig. 7H), and the ratio of infarct size to LV area was
significantly larger in the miR-17 transgenic mice com-
pared to WT controls (P�0.01; Fig. 7I). Scar thickness
was reduced in the miR-17 mice compared to WT mice
(P�0.01; Fig. 7J), suggesting that the infarct scar
thinned and dilated, consistent with greater matrix
remodeling.

DISCUSSION

This study demonstrated that miR-17 mediated regula-
tion of TIMP1/2 and MMP9. Previous reports de-
scribed miRNA signatures in the hearts of humans and
mice (10), but only a limited number of miRNAs have
been demonstrated to be functionally involved in car-
diac matrix remodeling (11–14). Our study discovered
the molecular mechanisms by which miR-17 regulates 2
crucial inhibitors of matrix-degrading enzymes during
cardiac remodeling following MI. Conventionally, like
other miRNAs, the primary target for miR-17 was the
3=-UTR of TIMP2, to repress its protein translation.
However, miR-17 also inhibited TIMP1 at both the
mRNA level and the protein level by targeting its
coding sequence. Similarly, miR-134, miR-296, and
miR-470 were demonstrated by others to target the

Figure 6. miR-17 accelerates adverse cardiac matrix remodeling. A) At 16 mo, miR-17 transgenic mice spontaneously developed
ventricular dilation and cardiac dysfunction without coronary ligation. Fractional shortening decreased more in miR-17 mice
with age compared to WT mice, and the difference became significant at 16 mo (n�4–7/group). B) Left ventricular internal
diastolic dimension (LVIDd) and left ventricular internal systolic dimension (LVIDs) were both higher in miR-17 mice at 16 wk
(n�4–7/group). C) Following MI, TIMP1 mRNA expression was lower in miR-17 mice (n�4/group). TIMP1 protein expression
was lower in miR-17 mice compared to WT mice and sham-treated miR-17 mice (n�3–4/group). D) TIMP2 protein was lower
in miR-17 mice post-MI compared to WT mice (n�3–4/group). E) No significant difference in MMP2 protein level in miR-17
mice was found by Western blot analysis, but MMP9 protein expression was higher in the miR-17 mice post-MI compared to
sham-treated miR-17 controls (n�3–4/group). F) Gelatin zymography of the infarct zone extract showed increased gelatinolytic
activity in MMP9, but not MMP2, in the transgenic miR-17 mice compared to WT mice (n�4/group). *P � 0.05, **P � 0.01.
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protein coding regions of the transcription factors
Nanog, Oct4, and Sox2 (15), and this observation was
presented again in a study with a more quantitative
method of mRNA profiling (16).

The traditional understanding of progressive human
cardiomyopathies is that they are associated with in-
creased MMP9 activity and decreased levels of TIMP1,
with less dramatic changes in TIMP2 (9). Consistent
with these previous studies, our data suggest that TIMPs
are inhibited by miR-17 at an upstream molecular level. In
mice, decreased TIMP1 was associated with an increase in
both MMP2 and MMP9 and progressive ventricular dila-
tion and heart failure following coronary ligation (17, 18).
A TIMP2-knockout study demonstrated excessive MMP9
activation and adverse remodeling (19). These previous
reports are in agreement with our current observations.

The in vivo delivery of the miR-17 antagomir restored
TIMP1 and increased TIMP2 in the myocardium. These
observations provide additional evidence that the delicate
balance between TIMPs and MMPs is fine-tuned by miR-
17, resulting in a profound downstream impact on cardiac
matrix remodeling after an MI. This study provides mech-
anistic insights, suggesting that miR-17 differentially reg-
ulates TIMP1 and TIMP2 during cardiac remodeling.
Up-regulation of endogenous miR-17 following MI de-
creases the expression of TIMPs, thus enhancing MMP9
proteolytic activity and resulting in myocardial matrix
degradation and cardiac dysfunction, which can be par-
tially rescued by blocking miR-17 with an antagomir. The
increase in fractional shortening that we observed with
delivery of the miR-17 antagomir is similar in magnitude
to the 2–4% increase in ejection fraction that has been

Figure 7. miR-17 impairs cardiac function. A) Com-
pared to WT controls, miR-17 mice showed a
greater decline in fractional shortening on d 7 and
14 following MI. B–E) End-systolic pressure (B),

stroke work (C), end-systolic pressure–volume relationship, and preload recruitable stroke work (D, E) in miR-17 mice were all
significantly reduced compared to WT mice at d 14 following MI. F, G) miR-17 mice had significantly increased end-systolic (F)
and end-diastolic (G) volumes following MI. H) Representative heart sections show the LV dilation in miR-17 and WT mice. I,
J) Hearts of the miR-17 mice exhibited a larger ratio of infarct size to LV area (I) and reduced scar thickness (J; n�4–6/group).
*P � 0.05, **P � 0.01.
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reported to improve functional recovery in recent clinical
trials (20–23), and this improvement in fractional short-
ening translated to larger increases in 2 load-independent
indices of ventricular function, end-systolic elastance and
preload recruitable stroke work.

Following an MI, the infarct scar begins to thin and
dilate soon after the initial inflammation subsides (24).
This process is initiated by the release of a variety of
MMPs and then progresses as the matrix is disrupted
(25). In previous studies in mice, we found that cellular
infiltration was greatest within the first 2 d after coro-
nary ligation and MMP elevations were maximal at 3 d
(26). Interventions that were instituted before or within
the first 3 d of ligation reduced ventricular remodeling
and improved ventricular function (26–28). Therefore,
in the current study, we delivered the miR-17 antago-
mir in the early phase, during the first 3 d following
the infarction. A careful balance is necessary to permit
the inflammatory process to stabilize the infarct, but
early intervention is essential to prevent the progressive
matrix degradation that results in infarct thinning and
dilatation.

There are, however, certain limitations of our study,
including the possibility that miR-17 may have addi-
tional gene targets involved in cardiac apoptosis and
angiogenesis that are beyond the scope of the current
focus. As well, delivery of the miR-17 antagomir may
affect other MMPs that are regulated by TIMP1 and
TIMP2. Although we did not observe side effects from the
miR-17 antagomir or mismatched oligo delivery, their
long-term effects, as well as other potential gene targets of
miR-17, should be evaluated in future studies. Another
future consideration is targeting delivery of the antagomir
to the heart rather than systemic delivery into the circu-
lation. Such targeted delivery may result in a greater
decrease in MMP9 activity.

Nevertheless, our study provides the first evidence that
the miR-17¡TIMP1/2¡MMP9 pathway plays a critical
role in controlling the fine-tuned balance of matrix
regulation in the heart. Disruption of this equilibrium
under pathological conditions, such as cardiac ischemic
injury, contributes to the abnormal cardiac matrix remod-
eling that eventually leads to cardiac dilation and heart
failure. Targeting miR-17 could be an alternative ap-
proach for future therapeutic interventions to prevent
cardiac matrix modulation and heart failure following
an MI.
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